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Abstract 
Three-dimensional coupled physical-biogeochemical model was utilized in order to investigate the influence of physical 
processes to biogeochemical cycle in the Java Sea. The biogeochemical model was consisted of nitrate, ammonium, phosphate, 
phytoplankton, zooplankton, pelagic detritus and benthic detritus. The coupled model could reproduce the basic condition of 
seasonal variability of surface Chl a distribution consistently with satellite data. Model results and satellite data clearly showed 
seasonal variability of Chl a distributions, influenced by monsoon, through water exchange with adjacent seas and nutrient 
supply from rivers discharges. Phytoplankton blooming during southeast monsoon is higher in general than northwest monsoon, 
due to upwelling event in the eastern Java Sea. On the other side, the role of nutrient riverine input during northwest monsoon
(rainy season) is only limited in the region near river mouths or coastal regions. The calculated annual new productions (Rnew)
suggested that the regenerated production is predominant in the Java Sea, except for some regions (e.g: Jakarta Bay and south-
coast of Kalimantan) that is influenced by human activities in the land (anthropogenic perturbation). The anthropogenic impact 
through riverine input triggers high primary production in the regions, while it subsequently uptakes atmospheric CO2 in 
particular monsoon season. However, as a consequence of high sea surface temperature in the tropical region, annually the entire
Java Sea acts as a source for CO2 even though the Java Sea is a net autotrophic. 
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1. Introduction 
The Java Sea has a unique role in human society because of its location in the middle of three main islands in the 
Indonesian archipelago: Kalimantan, Java and Sumatra (Fig. 1). Koropitan and Ikeda [1] have summarized that the 
dimensions of the Java Sea are roughly rectangular with the mean depth of 50 m. The water depths increase from 20 
m off the coast of southeast Sumatra to more than 60 m in its eastern part. Through the northern open boundary, the 
Java Sea is linked with the three straits: Karimata, Gaspar and Bangka. The eastern and western open boundaries are 
connected with the Flores Sea and Sunda Strait, respectively. 
The roles of physical processes and anthropogenic impact on the biogeochemical cycle of the Java Sea have not 
been well understood. What role do the monsoonal currents and tidal mixing play in the material transport? How 
significant are nutrient fluxes from river discharges and adjacent seas in the effects on the marine ecosystem? In 
addition to the carbon fluxes, it is not clear yet whether the Java Sea is source or sink for the atmospheric CO2, while 
the atmospheric CO2 is rising during the last 50 years to 400 ppmV (at Mauna Loa Station).  
Related to the environmental problems in the Java Sea, on the other hand, the Java Sea is influenced by human 
activities on land. Mainly, the human populations are concentrated in Java Island with 57% of the total Indonesian 
population: ~206 millions in year of 2000. Talaue-McManus [2] reported that majority of the rivers in Java Island 
have influenced the Java Sea with moderate to heavy pollution. She concluded that land-based sources play a major 
role in coastal pollution, including the Java Sea where the wastes flow mostly from domestic, agricultural, and 
industrial sources. In addition, World Bank [3] reported that the pollution through river discharge of Java Island is 
divided into 44% of industry and 56% of human settlement. 
Little information is available about the human impact and role of rivers from Kalimantan and Sumatra Islands to 
the Java Sea. However, Susanto et al. [4] recently reported that the satellite Chl a images derived from SeaWiFS 
showed high concentrations along the south-coast of Kalimantan and southeast-coast of Sumatra, as well as the 
north-coast of Java during the whole years. Therefore, there is an indication of eutrophication among the coastal 
regions in the Java Sea. Especially in Jakarta Bay, Damar [5] pointed out the occurrence of hyper-eutrophic 
condition caused by high riverine input of nutrients. 
In order to investigate the interaction between physical processes and biogeochemical cycle in the Java Sea, here 
we perform a three-dimensional coupled hydrodynamic-biogeochemical model as an approach of a comprehensive 
study. In addition, the present research aims to resolve whether the Java Sea is a source or sink of atmospheric CO2.
The recent paper by Cai and Dai [6] posed a question in the global estimation results suggesting the entire coastal 
seas or continental shelf as a sink. Cai and Dai [6] pointed out that the North Sea study by Thomas et al. [7] was not 
appropriate in extrapolating to the global scale. Furthermore, they proposed that some coastal regions such as U.S. 
South Atlantic Bight and northern South China Sea act as an annual CO2 source to the atmosphere. They also 
suggested that the tropical shelves are most likely sources of CO2 to the atmosphere due to the high annual surface 
temperature (as pointed out also by Feely et al. [8]), the lack of a strong spring bloom, inputs from marshes and 
mangroves, and/or reef formation.  
In this paper, we begin Section 2 with an introduction of the hydrodynamic model and discuss the physical 
phenomena as found in the previous study. The explanation of biogeochemical development is also summarized in 
this section. Section 3 examines the seasonal variability of observed riverine nutrient input in the Java Sea. In 
addition, comparisons of seasonal Chl a patterns in surface waters of the Java Sea were made between model result 
and satellite SeaWiFS images. Then annual budget of ecosystem compartments are discussed to analyze the role of 
adjacent seas and riverine nutrient input related to the biogeochemical processes and anthropogenic impact. In this 
section, the seasonal variability of primary production and CO2 flux are also examined in some specific regions 
within the Java Sea. Furthermore, sensitivity studies for phytoplankton biomass and CO2 flux are also made to 
analyze the biogeochemical response. A summary and discussion are presented in Section 4. 
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Fig. 1. Model region and rivers system surrounding the Java Sea. 
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2. Coupled Hydrodynamic-Biogeochemical Model 
2.1. Hydrodynamic phenomena and model 
It has been well documented that the Indonesian seas are mainly under monsoon regime with two distinct 
monsoons [9]: northwest monsoon – NWM (December – February) and southeast monsoon – SEM (June – August). 
The other periods (months) are transition months between both distinct periods. However, as pointed out by Susanto 
et al. [4], recent observational data showed a change in the monsoon transition periods in which their durations are 
shorter for around one month than the previous knowledge. The transition month of NWM to SEM is April, while 
that of SEM to NWM is October. Therefore, the flow pattern of the Java Sea is more influenced by the monsoonal 
winds [9, 10].  
The hydrodynamic model is the Princeton Ocean Model (POM), a primitive equation model with Boussinesq and 
hydrostatic approximations [11]. The specific information about the hydrodynamic model and its implementation 
and validation in the Java Sea has been summarized by Koropitan and Ikeda [1]. The model domain covers from 
2q42’ to 8q14’ S and from 105q42’ to 114q42’ E. The model uses a Cartesian coordinate system in the horizontal (2’ 
by 2’ grid size) and a sigma coordinate system in the vertical. Along the vertical coordinate, the domain is divided 
into 21 unequal sigma levels (V = 0 at the sea surface and -1 at the sea bottom), with higher resolution near the 
surface and bottom layers. Therefore, the model has a total of 270 x 166 x 21 grid points. The tidal forcing of the 
model is imposed by the output from the global tidal model ORI.96 with assimilated TOPEX/Poseidon altimeter 
data [12]. The vertical eddy viscosity is computed using Mellor and Yamada’s method [13] level-2.5 turbulent 
closure scheme.  
Note that the present simulation uses the shear-dependent Smagorinsky formulation [14] for horizontal eddy 
viscosity with a coefficient of 3. Following the idea from Griffies and Hallberg [15], the case of the Java Sea 
indicates that tidal residual flow is comparable with monsoon-driven circulation for horizontal advection, while the 
coefficients of Smagorinsky [14, 16] were originally developed for the atmospheric model. Then, Griffies and 
Hallberg [16] suggested that the coefficient might vary from 2.2 to 4 for oceanic problems. In order to compare with 
satellite images, we have tried to tune the model by using coefficients of 2 and 3. 
In addition, the previous model in the Java Sea [1] reported important phenomena in that region, regarding 
physical processes. They found that the K1 tide clearly shows the lowest mode resonance in the Java Sea with 
intensification around the nodal point in the central region. The K1 tide produces a major component of tidal energy, 
which flows westward and dissipates through the node region near the Karimata Strait resulting in high tidal mixing. 
The enhanced tidal mixing in the central region (around nodal point) of the Java Sea is expected to play a crucial 
role in vertical exchange of nutrients and control of biological productivity. Combination of wind effects and tidal 
mixing seems to be important for the material transport in the Java Sea. The monsoonal flow pattern affects the 
horizontal transport, but tidal mixing plays a key role in vertical exchange. These environmental characters are 
concerned directly with the physical processes in the Java Sea. 
2.2. Biogeochemical model 
The biogeochemical model is consisted of 8 compartments (Fig. 2), which are nitrate (NO3), ammonium (NH4),
phosphate (PO4), phytoplankton (F), zooplankton (Z), pelagic detritus (PD), benthic detritus (BD) and dissolved 
inorganic carbon (or TCO2). The model was developed by combining the 5-compartment ecosystem model (NO3,
NH4, F, Z and PD) from Wroblewski [17] and the 4-compartment ecosystem model (dissolved inorganic phosphate, 
F, Z and PD) which was originally developed by Denman and Peña [18] but modified for the nutrient type from N to 
P. We used sediment cohesive process for calculating BD, as demonstrated by Koropitan et al. [19] in Jakarta Bay. 
Moreover, we adopted the carbonate system model from OCMIP (Ocean Carbon-cycle Model Inter-comparison 
[40]) to calculate TCO2. The biogeochemical model is mainly calculated in N and uses the Redfield ratio for 
converting to P and C (C:N:P = 106:16:1), while the ratio of C/Chl a is set to be 50 based on its range of 27 – 67 
[20]. A detailed description about this model is given in Appendix A. 
Biogeochemical parameters used in the present study are listed in Table 1. In general, the parameters are similar 
with Newberger et al. [21]. However, some specific parameters, such as half-saturation for phytoplankton uptake of 
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nutrients (NO3, NH4 and PO4) and optimal light intensity for phytoplankton growth were adopted from Damar [5], 
who used water samples from Jakarta Bay for a laboratory experimental study. The other potential source for 
nutrient cycling is from benthic processes. By using a model, Wei et al. [22] concluded that the benthic 
remineralization rate in the Bohai Sea is two times higher than that in the pelagic environment. Taking account of 
the strong tidal mixing in the Java Sea, the nutrient budget may be influenced by the benthic processes. Therefore 
we used the cohesive sediment model for the benthic processes where their parameter values are similar with 
Ningsih et al. [10] who applied them to the Java Sea. However, we omitted the effect of wind-wave on the bottom 
shear stress in calculating the erosion and deposition fluxes. 
Fig. 2. A schematic diagram of the biogeochemical model which represents C (dashed line), N (full line) and P (dash-dotted line) cycles. The 
main calculation is based on N unit, while the Redfield ratio (C:N:P=106:16:1) is applied in converting material in the dotted box. 
The coupled hydrodynamic-biogeochemical model was forced by the dominant constituent of K1 tide to consider 
tidal mixing as suggested by Koropitan and Ikeda [1], monthly climatological mean wind [23] and river discharges. 
In particular for the biogeochemical compartments, the model was forced by monthly riverine input of nutrients and 
solar radiation [24]. We used river discharge data from 21 rivers, which empty to the Java Sea from Sumatra, Java 
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and Kalimantan Islands (Fig. 1). The monthly river discharges were obtained by averaging the available daily data 
that vary from 1 to 10 years, except for Sebangau River in Kalimantan which has limited data. Sebangau River has 
smaller discharge compared to the whole data that we have, so that the data may not significantly affect the nutrient 
distribution. Furthermore, the river nutrient inputs were obtained by multiplying the river discharges and 
concentrations of nutrients in the rivers. However, the concentrations of nutrients are only available for several days 
of incidental observation in 1 year. Hence the monthly concentrations were interpolated based on availability of 
data. The detailed information of river discharges and concentrations of nutrients is shown in Table 2. Note that the 
hydrodynamic model has still homogeneous density, and that is the same as the tidal model from Koropitan and 
Ikeda [1]. 
Table 1. Parameters of the biogeochemical model. 
Parameter Description Value 
RN2 NH4 oxidation rate 0.04 d-1
Vm phytoplankton maximum uptake rate 1.5 d-1
Iopt optimal light intensity for phytoplankton growth 143.9 watt/m2
D1 light dissipation coefficient of sea water 0.04 (mmol N/m3)-1 m-1
D2 phytoplankton self-shading coefficient 0.046 m-1
KN1 half-saturation for phytoplankton uptake NO3 2.5 mmol N/m3
KN2 half-saturation for phytoplankton uptake NH4 3.47 mmol N/m3
KN3 half-saturation for phytoplankton uptake PO4 0.47 mmol P/m3
< NH4 inhabitation parameter 1.46 (mmol N/m3)-1
RPD decomposition rate for pelagic detritus 0.5 d-1
RBD remineralization rate for benthic detritus 0.2 d-1
mZ phytoplankton specific mortality rate 0.1 d-1
mP zooplankton specific excretion/mortality rate 0.145 d-1
Rm zooplankton maximum grazing rate 0.52 d-1
/ Ivlev constant 0.5 (mmol N/m3)-1
J fraction of zooplankton grazing egested 0.3 
Wd sinking rate for detritus 4 m/d  
Wp sinking rate for phytoplankton 0 m/d 
rNP ratio of N/P 16/1 
rNC Ratio of N/C 16/106 
The initial concentrations of NO3 and PO4 were set to be homogeneously 0.3 and 0.2, respectively. These data 
were obtained from minimum values of annual means of NO3 and PO4 [25]. F initial condition was set based on 
surface Chl a from the European Service for Ocean Colour data set (case-1 water). We implemented annual mean 
from monthly data of the data set for period of 1997-2009 and 0.25° by 0.25° space resolutions. For the vertical 
layer of F initial condition, the annual mean data set was then extrapolated vertically using algorithm of Asanuma et
al. [26]. In particular of TCO2, we adopted the annual gridded data of the global model results from Goyet et al.
[27]. However, the initial concentrations of NH4, Z, and PD were assumed to be 0.1 mmol/m3 homogeneously, 
while the initial concentration of BD was assumed to be 15 mmol/m2 for the entire surface bottom layer. Related to 
the carbonate system model, there are several fixed parameters included in the calculation, as follows: annual 
silicate in the Java Sea with range of 9-11 mmol/m3 [25], total alkalinity of 2200 Pmol/kg from GLODAP data set 
(minimum value near the Indonesian seas region), sea surface temperature of 28.3°C, sea surface salinity of 34.6 
psu, atmospheric mole fraction CO2 of 385 Patm, atmospheric pressure of 1 atm and pH range of 6.90 – 8.72. We do 
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not consider the silicate cycle in the model, since its value is higher in general for the Java Sea case, and hence, is 
insignificant as a limiting factor for phytoplankton growth. 
Table 2a. River discharges data. 
Station River Name Period of daily data* 
Sumatra 
1 Tulang Bawang 1992 and 1996 
2 Seputih 1992 
3 Sekampung 1992 
Java
4 Cibanten 1994-1996 
5 Ciujung 1992-1995 
6 Cisadane 1992-1997, 1999-2000 
7 Angke [5] December 2000 – November 2001 
8 Priok [5] December 2000 – November 2001 
9 Marunda [5] December 2000 – November 2001 
10 Citarum 1992-2001 
11 Garang 1992 -1996, 1999, 2000 
12 Brantas 1992-1996, 2000 
Kalimantan 
13 Barito Assumed similar with 14 
14 Kapuas 1993-1996, 2000 
15 Kahayan 1993-1996, 1999 
16 Sebangau [31] Several days during 2002 - 2003 
17 Katingan Assumed similar with 15 
18 Mentaya Assumed similar with the low monthly river discharge of 15 
19 Seruyan Assumed similar with the low monthly river discharge of 15 
20 Kumai Assumed similar with the low monthly river discharge of 15 
21 Kotawaringin Assumed similar with the low monthly river discharge of 15 
* Daily rivers discharge provided by: Directorate General for Water Resources, Ministry of Public Works, Indonesia. Several data can be 
downloaded from http://sda.pu.go.id/index.asp 
In order to consider the tidal currents along open boundary, we applied particular values for each compartments 
during inflow direction and reversely the radiation conditions were applied during outflow direction, for their open 
lateral boundary conditions. For the particular value, the NO3, PO4, F and TCO2 were set similar with their initial 
conditions during inflow direction. Since there is no information for Z, PD and NH4 along open boundary, we then 
assumed that the Z and PD are similar with one-tenth and equal to F, respectively. Particularly for NH4, we applied 
the equal value to NO3. Time steps of the coupled model specified to the external and internal modes of the physical 
model are 10 s and 300 s, respectively, and the biogeochemical compartments are updated every 30 min. The 
coupled model was running totally for three years where the first two-year period was determined as a spin-up 
period, and then, the third year output was used for analyzing the annual biogeochemical cycle. The three-year 
simulation showed a quasi-steady state solution in the third year. 
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Table 2b. Nutrient concentrations data in the rivers. 
Station River Name Parameters Period of data collection Ref. 
Sumatra 
1 Tulang Bawang BOD* Oct, Nov, Dec 1995 
Biro Bina Lingkungan 
Hidup Setwilda Tk. I 
Lampung 
2 Seputih BOD* Oct, Nov, Dec 1995 
Biro Bina Lingkungan 
Hidup Setwilda Tk. I 
Lampung 
3 Sekampung BOD* Oct, Nov, Dec 1995 
Biro Bina Lingkungan 
Hidup Setwilda Tk. I 
Lampung 
Java
4 Cibanten NO3, NO2, NH4, PO4 Nov 1995 Booij et al. [33] 
5 Ciujung NO3, NO2, NH4, PO4 Nov 1995 Booij et al. [33] 
6 Cisadane NO3, NO2, NH4, PO4 1999, Oct 2000, May 2001 
Machbub et al. [34], 
West Java Local 
Government [35] 
7 Angke NO3, NO2, NH4, PO4
Dec00, Feb01, Apr01, Jul01, 
Sep01, Nov01 
Damar [5] 
8 Priok NO3, NO2, NH4, PO4
Dec00, Feb01, Apr01, Jul01, 
Sep01, Nov01 
Damar [5] 
9 Marunda NO3, NO2, NH4, PO4
Dec00, Feb01, Apr01, Jul01, 
Sep01, Nov01 
Damar [5] 
10 Citarum NO3, NO2, NH4, PO4
May, Jun, Aug, Oct, Nov 
2002 
West Java 
Environmental Agency 
11 Garang NO3, NO2, NH4, PO4, BOD* 1985-1989 (12 times) 
Ginting and Rahayu 
[36] 
12 Brantas NO3, NO2, NH4, PO4 May 2001 Jennerjahn et al. [37] 
Kalimantan 
13 Barito Assumed similar with the nutrient concentration of 14 
14 Kapuas NO3, PO4 Oct 2002 Hadi et al. [38] 
15 Kahayan NO3, NO2, NH4, PO4 Sep 2004, Mar 2005 Haraguchi et al. [39] 
16 Sebangau NO3, NO2, NH4, PO4 Sep 2004, Mar 2005 Haraguchi et al. [39] 
17 Katingan Assumed similar with the nutrient concentrations of 15 
18 Mentaya Assumed similar with the nutrient concentrations of 19 
19 Seruyan NO3, PO4  Hadi et al. [38] 
20 Kumai NO3, PO4  Hadi et al. [38] 
21 Kotawaringin Assumed similar with the nutrient concentrations of 20 
*) DIN and DIP were estimated by method of San Diego-McGlone et al. [33]  
3. Model Results 
3.1. Seasonal variability of nutrients riverine input and Chl a distrubutions 
Variability of river input of DIN (dissolved inorganic nitrogen) and DIP (dissolved inorganic phosphate) is 
mainly associated with the monsoon seasons as shown in the estimated monthly riverine input of nutrients (DIN and 
DIP) (Fig. 3). The riverine input is higher in general from November until May, representing rainy season (NWM), 
than dry season (SEM). DIN loads from Sumatra, Java and Kalimantan Islands are 10 – 20, 16 – 18 and 20 times 
higher than DIP, respectively. Thus, DIN from river input is generally 20 times higher than DIP. Among the three 
islands, Kalimantan has the highest contribution of riverine nutrient input due to several bigger rivers located there. 
On the other hand, concerning the composition of ammonium in DIN form, the sources from Java are dominant 
among the three islands. 
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Fig. 3. Estimated monthly nutrients riverine input in the Java Sea based on several observations: (a) DIN, and (b) DIP. Full line denotes river 
fluxes from south-coast of Kalimantan; dashed line denotes river fluxes from north-coast of Java; and dotted line denotes river fluxes from 
southeast-coast of Sumatra. 
Seasonal variability of phytoplankton growth (Chl a) and its spatial distribution in the Java Sea are controlled by 
riverine input and material exchanges with adjacent seas. The riverine input mainly produces phytoplankton bloom 
along the coastal regions of Sumatra, Java and Kalimantan Islands, as shown by the model results (Fig. 4) and 
satellite data of surface Chl a (Fig. 5). In this case, the contribution of riverine nutrient input for the phytoplankton 
growth does not affect the entire Java Sea. The material exchanges, including nutrient, with adjacent seas play 
important roles in regulating the Chl a distributions and vary following monsoon seasons. The calculated monthly 
mean tide-and wind-driven circulation (Fig. 4) shows that the water column moves eastward and westward 
directions, respectively, following the monsoon wind during NWM and SEM. In addition, the current in the whole 
depth has the same direction. Therefore, the seasonal (monsoonal) flow pattern controls the material distributions in 
the Java Sea. During SEM, there is evidence of local upwelling at the southern end of the Makassar Strait and 
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western Flores Sea [4, 9, 28, 29] Therefore, the surface water containing rich nutrient is transported into the Java 
Sea during SEM, triggering higher production than NWM.  
Fig. 4. The calculated seasonal mean plots of surface Chl a and currents for NWM (DJF) and SEM (JJA) for the cases of coefficient-3 (upper 
panel) and coefficient-2 (lower panel) in the horizontal eddy viscosity equation. 
Model results of Chl a during NWM and SEM (Fig. 4) are qualitatively comparable with the satellite data (Fig. 
5), particularly for the use of coefficient 2 for the horizontal eddy viscosity. In this case, the higher coeficient the 
wider dispersion pattern of material. So that, the tunning of coefficient in the model might be usefull for adjustment 
with the available satellite data (related with case-1 waters). Generally, model results could reproduce the less 
concentrations of Chl a during NWM than SEM, as shown in the satellite data. This is consistent with the previous 
explanation, regarding the upwelling in the eastern adjacent sea. 
3.2. Annual mean of material fluxes and distributions 
In general, the calculated annual mean of material distributions shows high concentrations along the north-coast 
of Java and south-coast of Kalimantan. The calculated depth-averaged annual mean flow forced by wind and tide, 
Chl a, primary production, DIN and DIP distributions are shown in Fig. 6. The annual mean flow is in the westward 
direction with the maximum magnitude of around 0.09 m s-1. The strong currents are found along the north-coast of 
Java and the south-coast of Kalimantan. The present result is similar with the eight years mean tidal current of 
Schiller [30], who reported “the residual western boundary current” all along the coastline of the Asian landmass, 
including the Java Sea. In general, the material (Chl a and nutrients) distributions show influxes from the eastern 
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open boundary, following the annual mean flow pattern. 
The calculated annual mean of Chl a (Fig. 6a) shows high concentrations in the south-coast of Kalimantan, north-
coast of Java and southeast-coast of Sumatra. However, the high primary productions (Fig. 6b) are only found at 
south-coast of Kalimantan and north-coast of Java. In comparison with DIN (Fig. 6c) and DIP (Fig. 6d) 
distributions, the primary production is controlled by Monod-type calculation in the nutrient uptake (eq. A.9), and 
does not reflect high primary production along southeast-coast of Sumatra. Therefore, the Chl a in the region is 
more influenced by horizontal tidal exchange at the western open boundary. As we summarized in the section 2.2, it 
is noted that the boundary values of F are set similar with their initial conditions during inflow direction or reversely 
determined by a radiation condition during outflow direction of tidal currents. 
Further, we examined the calculated annual new productions or Rnew (see Appendix A), as shown in Fig. 7. The 
value starts from 0 until 1, where the values of 0 and 1 mean dominance in NO3 and NH4, respectively. NO3
domination is affected by external sources, for example, riverine input or adjacent seas, where the riverine NO3 input 
is more characterized by agricultural activities using fertilizers. On the other hand, the NH4 domination is affected 
by regeneration processes (organic decomposition) and riverine input (especially in the coastal region/near river 
mouths) which is more characterized by domestic-urban pollution. Rnew distribution (Fig. 7) clearly shows that 
Jakarta Bay region is mostly affected by domestic-urban pollution as well as industry (as reported by World Bank 
[3] and Talaue-McManus [2]), while south-coast Kalimantan tends to be affected by combined domestic wastes and 
agricultural activities. This is also consistent with the composition of NH4 in the annual riverine DIN input data, as 
summarized previously. 
Fig. 5. The seasonal mean fields of Chl a derived by satellite images (data sources: European Service for Ocean Colour, monthly Chlorophyll-a 
during 1997-2009, case-1 waters) for NWM (DJF) and SEM (JJA). 
The other regions along the north-coast of Java are mostly influenced by riverine NO3 input that may be 
influenced by domestic and agricultural sources as pointed out by Talaue-McManus [2]. However, the 
anthropogenic impact seems strong in Jakarta Bay and south-coast of Kalimantan. The other coastal regions are also 
possibly affected by anthropogenic impacts, but no specific information is available due to lack of data in some river 
input. In main part of the Java Sea, the Rnew value has a range value below 0.5, so that, the regenerated production is 
predominant (as summarized before), except for the north-coast of Java Island and western area of the south-coast of 
Kalimantan. 
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Fig. 6. The calculated (a) depth-averaged of annual mean flow and Chl a distribution, (b) primary production, (c) DIN and (d) DIP distributions. 
3.3. Seasonal variability of primary production and CO2 fluxes in Jakarta Bay (JB), south-coast of Kalimantan (SK) 
and central region of the Java Sea 
In the previous subsection, we examined the anthropogenic impact in JB and SK related to the nutrients riverine 
input. Now, we focus on the biogeochemical response in JB and SK through model results of primary production 
and CO2 flux variability (Fig. 8). In this case, the central region of the Java Sea becomes a control point. The high 
primary production in JB and SK shows a different seasonal cycle. SK is mostly influenced by the high riverine 
input during the rainy season of NWM (Dec-Mar), while JB is mostly controlled by the high riverine input and Chl
a distribution from neighbour regions which is transported by westward currents during SEM. In addition, current 
velocity during SEM is higher than NWM, thus it affects the advection processes of nutrients and Chl a distribution 
from neighbour regions of JB. 
On the other hand, the central region shows higher primary production almost for the whole year, except for the 
transition period during post NWM. This is reasonable since the Java Sea receives many nutrients during SEM until 
NWM, as discussed in the section 3.1. 
There is no information about the observed primary productions in these three regions temporally and spatially, 
so that the seasonal variability of primary production in JB, SK and central part are more qualitatively described and 
interpreted. Our concern is more focused on the anthropogenic impact in JB and SK, caused by domestic-urban 
pollution, agricultural activities and domestic wastes. The highest primary production during SEM in JB is caused 
by upstream conditions of river influxes in the eastern part of JB. On the other hand, the variability in SK is affected 
by several river inputs. The primary production in the central part varies seasonally based on monsoonal flow 
patterns. 
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Fig. 7. The calculated annual mean field of new productions (Rnew). JB (Jakarta Bay) and SK (south-coast of Kalimantan) regions indicate the 
anthropogenic impact. 
Fig. 8. The calculated annual cycle of primary production in selected positions within the Java Sea: JB (full line) and SK (bold full line) are 
scaled in left y-axis, and the central region (dotted line) is scaled in right y-axis. 
The calculated CO2 fluxes and TCO2 variability in JB, SK and central part are shown in Fig. 9. Positive and 
negative CO2 fluxes denote release to atmosphere and oceanic uptake of CO2, respectively. Daily fluctuations of 
CO2 fluxes show a strong influence of tidal exchange. In general, the monthly moving average of CO2 fluxes is 
strongly associated with seasonal variability of TCO2 and primary production (Fig. 9). The higher primary 
production requires high nutrient and TCO2 assimilations (indirectly via Redfield ratio in the model) and leads to an 
under saturation condition of CO2 in the surface ocean (i.e. low pCO2). Therefore, SK and JB regions act as a sink 
for the atmospheric CO2 in NWM and SEM, respectively. JB region uptakes CO2 in longer periods of April – Dec 
associated with variability of primary production. For the annual mean of CO2 fluxes, the entire Java Sea acts as a 
source for the atmospheric CO2 in level amount of 4804 x 109 mol/year. This flux is more likely consequence of 
warming of subsurface water due to high SST (sea surface temperature), as a typical situation in the tropical region. 
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Fig. 9. Model results of the annual cycles of CO2 fluxes (lower graph, right y-axis) and TCO2 concentration (upper graph, left y-axis) in (a) SK, 
(b) JB and (c) central region. Bold line in the middle is a representative of moving average (1-month). Positive (negative) net fluxes of CO2
denote a source (sink). 
3.4. Sensitivity studies of phytoplankton biomass and CO2 fluxes 
To better understand the sensitivity of the models to the choice of parameter values, it is common to perform a 
sensitivity analysis using the equation, as follows: 
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S is a sensitivity index and C is concentration of biomass system/compartment. Negative S means an opposite 
tendency between a parameter and the system biomass. The sensitivity analysis shows the relative importance of the 
processes that play crucial roles in the biogeochemical cycles. Therefore, the changes in the parameters could be 
associated with the changes in natural or anthropogenic forcing mechanisms. We now focus on the sensitivity of 
phytoplankton biomass and CO2 fluxes (FCO2) by changing some parameters, as shown in Table 3. We additionally 
examine also the role of benthic flux by ignoring BD from the model system (biogeochemical compartments). For 
this purpose the model was run for two months, and the subsequent solution averaged over 5-K1 tidal periods is used 
for the sensitivity analysis. February is selected as a reference month for the physical-biogeochemical forcing 
mechanisms. 
For the phytoplankton biomass (Table 3a), the maximum nutrient uptake rate of phytoplankton is the most crucial 
parameter, and the second one is optimum light for phytoplankton growth. Their contributions account for more than 
5% of the changes in phytoplankton biomass when the parameters are changed by 50%. In addition, the optimum 
light for phytoplankton growth has an opposite effect. On the other hand, the omission of BD compartment could 
reduce phytoplankton biomass by 7.8%. 
Table 3a. Sensitivity analysis of phytoplankton biomass. 
Parameter Change rate of parameter (%) 
Change rate of phytoplankton 
biomass (%) 
Sensitivity index 
Zooplankton excretion/mortality 50 0.51 0.01 
Decomposition of pelagic 
detritus
50 0.03 0.00 
Decomposition of benthic 
detritus
50 2.44 0.05 
Optimum light for 
phytoplankton growth 
50 -5.09 -0.1 
Maximum phytoplankton uptake 
rate 
50 13.23 0.26 
Non-BD - -7.83 - 
The same procedure was also applied to the FCO2 (Table 3b). We found that the FCO2 is more sensitive to the 
total alkalinity (as a fixed parameter or constant in the carbonate system model) and the atmospheric CO2. A small 
change of total alkalinity (5.6%) could reduce FCO2 for 81%, while the change in atmospheric CO2 (50 %) could 
reduce FCO2 to 48 %. Non-BD compartment only contributes to 2.3 % of the FCO2. This is contrast with the general 
mechanism according to carbonate model of OCMIP [40] in the enclosed system, where TCO2 and sea surface 
temperature are the most sensitivity parameters. 
Table 3b. Sensitivity analysis of CO2 fluxes (FCO2).
Parameter Change rate of parameter (%) Change rate of FCO2 (%) Sensitivity index 
Zooplankton excretion/mortality 50 0.02 0.00 
Decomposition of pelagic detritus 50 0.01 0.00 
Decomposition of benthic detritus 50 0.34 0.01 
Optimum light for phytoplankton 
growth 
50 0.54 0.01 
Maximum phytoplankton uptake 
rate 
50 -1.46 -0.03 
Atmospheric CO2 50 -47.86 -0.96 
Total alkalinity 5.6 -80.88 -14.44 
Non-BD -  - 
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Based on the selected parameters for the sensitivity studies, the implication can be applied to other 
compartments, such as nutrients. The increased phytoplankton biomass due to an increase in the nutrient uptake rate 
will be followed by a decrease in nutrient, an increase in grazing activity, so that the mortality of phytoplankton and 
mortality/excretion of zooplankton will also increase. However, the change in algal biomass would not affect 
significantly to the decomposition processes because of its low contribution as shown in Table 3a. As for the effect 
of the nutrient uptake rate for phytoplankton on the CO2 flux (Table 3b), even though it has small contribution in the 
present result, the external forcing of nutrient loading from rivers plays a key role in carbon uptake by 
phytoplankton as discussed previously in the section 3.1. 
4. Summary and Discussion 
The coupled physical-biogeochemical model has been demonstrated in investigating the physical influences on 
the biogeochemical cycle in the Java Sea. The coupled model could reproduce the basic condition of seasonal 
variability of surface Chl a distribution which is controlled by the monsoon events. The model results were also 
comparable with the satellite image data. Model results and satellite data clearly showed that the concentrations of 
Chl a in the Java Sea are mainly influenced by nutrients supply from the eastern boundary due to upwelling during 
SEM. On the other hand, the rainy season during NWM triggers much nutrients load through river discharges, 
resulting in phytoplankton bloom along the regions near coastline/river mouths. However, the effect of nutrient 
riverine input is only limited in the regions.  
As a consequence of the Monod-type, N and P are capable of limiting factors for the phytoplankton growth. 
Some regions showed a strong limitation of P, such as along the north-coast of Java and western area in the south-
coast of Kalimantan. In this case, the P limitation is a consequence of high N riverine input. Compared to the 
offshore region, the entire Java Sea showed a strong N limitation. In particular of Jakarta Bay, the P limitation in the 
present result is consistent with the result of Damar [5] based on laboratory experiments. Jakarta bay is now facing a 
serious environmental impact due to human activities (anthropogenic impact). The riverine N input in the bay is 
more dominated by NH4 as a product of domestic-urban and industry pollutions. Damar [5] pointed out that Jakarta 
Bay region is now under hyper-eutrophic condition. 
The anthropogenic impact also seems serious in south-coast of Kalimantan. Besides the big rivers which have 
more capacity to transport nutrient, the specific environmental problem in that region is due to human activities in 
opening wetland. Galloway et al. [41] summarized that wetlands are so efficient in removing N reactive (inorganic 
and organic forms) through denitrification. However, the wetland removal can decrease water residence time and 
thus decrease denitrification within a river. Therefore, the coastal system will receive more N through the wetland-
river-coastal system and causing the eutrophication problems. 
The anthropogenic impact in Jakarta Bay and the south-coast of Kalimantan also could induce CO2 uptake 
(through biological uptake). However, the river and regeneration fluxes as well as the relatively warm water in the 
tropical region produce oversaturation condition of CO2 in the Java Sea. When we try to project the future tendency 
of this sensitive system, the present model needs an improvement in some compartments. Related to the carbonate 
system, TCO2, total alkalinity, pH and fugacity of CO2 are important parameters [42], since the individual species of 
the CO2 system in seawater cannot be measured directly. In the present simulation, we performed the total alkalinity 
as a diagnostic parameter with a fixed value. In addition, the river fluxes of TCO2 and organic carbon were not 
directly calculated in the model.  
At this stage, we showed the results of the sensitivity analysis, suggesting the importance of total alkalinity. By 
increasing a small amount of total alkalinity, it leads to large reduction in FCO2. Therefore, in spite of a lack of 
explicit inclusion by many biogeochemical coastal models, the information of total alkalinity from riverine input is 
more crucial in order to improve the present carbonate system model in future. The other necessary information is 
the specific organic carbon transport from the rivers into the Java Sea. 
On the other hand, the use of cohesive sediment processes is not enough to resolve the nutrient exchange of the 
water-sediment interaction in the bottom layer. This is important in maintaining the high concentration of Chl a in 
the bottom layer, as shown in the field observation but not reproduced in this model. Since the cohesive sediment 
model only accommodates the physical processes, the use of other model, such as parameterization in biological and 
chemical processes within sediment is crucial for model improvement in future. In order to describe the water-
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sediment interaction, the model has to include temperature, salinity and consequent density distributions and 
perform more precise calculations of vertical mixing intensity near the bottom boundary layer. 
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Appendix A. Governing equations and formulations of the biogeochemical model  
The governing equations of this model are given as: 
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ADV and DIF are advection and diffusion processes in three-dimensional model, respectively. As a particular 
role of PD, the vertical advection includes also the vertical sinking velocity of PD (Wd). BD is applied as an 
ordinary differential equation which functions as a pool for sinking of PD. 
A.1. Nutrient uptake (A1F)
Nutrient uptake is dependent on nutrient concentrations, solar radiation and phytoplankton stock sizes [17, 18]. 
Individual of nutrient species adopted Michaelis-Menten formula (hyperbolic saturation function), while the nutrient 
limitation is a Monod-type (minimum concentration). The formula of nutrient uptake is as follows: 
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Steele [43] formula is adopted to the solar radiation or light intensity in the surface (I) which is variable to water 
depth: 
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Light extinction coefficient (ȡ) is a function of light attenuation by seawater and phytoplankton (shelf-shading): 
F21 DDN  
(13) 
A.2. Natural mortality of phytoplankton (A2F)
FmFA F 2 (14) 
A.3. Grazing (A3Z)
Grazing is a function of phytoplankton and zooplankton, as follows: 
  ZFRZA m / exp13  (15) 
Egestion is assumed to be proportional (J) to grazing activities.  
A.4. Natural mortality of zooplankton (A4Z) 
ZmZA Z 4  (16) 
A.5. Decomposition rate of pelagic detritus (A5PD) 
PDRPDA PD 5  (17) 
A.6. Decomposition rate of benthic detritus (A6BD) 
BDRBDA BD 6  (18) 
The rate of benthic fluxes are assumed to be proportional for C, N, and P as determined by the Redfield ratio. 
Thus, we applied the benthic fluxes at bottom boundary condition for NH4, PO4 and TCO2.
A.7. Ammonium oxidation rate (Oxd) 
42 NHROxd N (19) 
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The new production (Rnew) is ratio of NO3 uptake from the total N uptake, as follows: 
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The bottom boundary condition for PD is determined by cohesive sediment process, where its summary and 
parameter values can be found in Koropitan et al. [19]. The parameter definitions and values of the above formulae 
are given in Table 1 and the text. 
A.8. Air-sea flux of CO2 (FCO2)
The carbonate system model was fully adopted from OCMIP-3, as follows: 
FCO2=Kw (CO2air* – CO2surf*)  (21) 
Kw = (1.09W – 0.333W2 + 0.078W3) (Sc/660)-0.5  (22) 
Kw is a cubic function of the wind speed (W) using climatological winds [44]. Sc is the Schmidt number. 
CO2air* = D pCO2atm P/Po  (23) 
where D is the CO2 solubility for water-vapor saturated air [mol/(m3 Patm)]; pCO2atm is the partial pressure of CO2
in dry air at one atmosphere total pressure (in Patm); P is the total air pressure at sea level (atm), locally (assumed to 
be 1 atm); P0 is 1 atm. In this simulation, pCO2atm are obtained by converting the value of atmospheric mole 
fraction CO2 in dry air (given as a fixed value). CO2surf* is calculated from the model’s surface TCO2, sea surface 
temperature (SST), sea surface salinity (SSS), and surface total alkalinity. In this simulation, SST, SSS and surface 
total alkalinity are given (fixed).  
Surface boundary condition for TCO2 is treated as a combination of FCO2 and virtual flux (Fv), given by: 
Fv = TCO2g (E - P)  (24) 
where TCO2g is globally averaged surface concentrations of TCO2, E and P are evaporation and precipitation, 
respectively. Evaporation data are collected from monthly global data [25] which is averaged for only the Java Sea 
region. Precipitation data are plotted from the single graph of the annual cycle of precipitation in the Java Sea [45] 
in order to get the monthly data. They used several precipitation data from the several ground stations in Indonesia 
and made a classification into three main regions using EOF. Precipitation data of the Java Sea are included in one 
of the main regions which have strong monsoon impact. 
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